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Abstract
How to development key technologies requires understanding the principles of technology evolution. This
study proposes that the development process of key technologies follows the Metcalf's Law.
Furthermore, this paper presents two principles of the development of key technologies from different
angles. Finally, several suggestions are raised.
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In the speech delivered at the 20th Conference of Academicians of the Chinese Academy of Sciences (CAS), the 15th
Conference of Academicians of the Chinese Academy of
Engineering, and the 10th National Congress of the China
Association for Science and Technology on May 28, 2021,
President Xi Jinping stressed that we should resolutely win
the battle for key technologies. To play the role of “national
team” and make outstanding contributions in the battle for
key technologies, the CAS should first understand the principles of technology evolution. Taking information technology as an example, this study analyzed the evolutionary
principles of key technologies, and then put forward some
suggestions to support the research community of China,
especially the CAS, in this battle.

1

Evolutionary principles of key technologies

The development of key information technologies presents nonlinear growth characteristics similar to Metcalf’s
Law. A key technology can be viewed as a system, which is
essentially a technological network composed of hundreds of
tightly coupled point technologies and algorithms. Such
technological networks also follow the Metcalf’s Law in the
network area. Metcalf’s Law, about the value of networks and
the development of network technology, was proposed by
George Gilder in 1993 but named after Robert Metcalf, a
computer networking pioneer and founder of 3Com.
Metcalf’s Law is a qualitative description explaining that the
value of a network grows by the square of the network’s size.
According to Metcalf’s Law, the value of a network grows
with the increase in the number of users (Figure 1). Metcalf’s
Law suggests that the value of a key technology will grow
with the increase in the number of integrated functions,
modules, algorithms, and other point technologies. Surely, it

is more difficult to integrate a more complex network.
However, once new algorithms or functions are successfully
integrated through technological breakthroughs, a larger
technical network will be formed, which will lead to a higher
barrier.

Figure 1

Schematic diagram of Metcalf’s Law

Figure 2 illustrates the evolution of Intel’s processor architecture. Each new generation of processor integrates a
variety of new features, which requires a huge research investment. The large page technology, a new feature integrated into Sandy Bridge in 2011, required to modify more
than a dozen existing functions, which made the correctness
verification of the processor face great challenges. However,
Intel has successfully integrated this feature, getting ahead of
other processors in terms of large memory and is thus favored
by users. It is Intel’s constant integration of new features that
have enabled its network of processor technologies to remain
larger than its rivals, allowing it to maintain a market share of
more than 95% in server processors for a long time.
Metcalf’s Law reveals the internal mechanism of how key
technologies generate high values and form high barrier. How
can a key technology follow Metcalf’s Law, expand the
technology network, and keep developing? We take the key
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Figure 2
2015)

Evolution of Intel processor architecture (from 1995 to

technology in the field of information as an example to answer this question from macroscopic and microscopic
perspectives.

2 Macroscopic development principles of key
technologies
The National Research Council of the National Academies
of the United States has conducted a detailed survey on the
development of 19 key technologies in the field of information [1], revealing three major macroscopic development
principles of information technology.
(1) The development of information technology experiences three stages. Stage I, II, and III are from principle to
prototype, prototype to product, and from product to scale
market (1 billion US dollars), respectively. Each stage takes
3–5 years, with different implementation subjects and different required resources. The implementation subjects of
stage I are mainly universities and research institutions, and
the outputs at this stage are the underlying principles and the
corresponding prototypes. However, universities and research institutions are not good at product research and development, and thus enterprises are required to form products
(stage II) and further achieve scale market (stage III). Accordingly, there is a gap between stage I and II. Some channels between academia and industry need to be established to
make the leap from prototype to product, which may take
many forms. For example, in the development of reduced
instruction set processor (RISC), MIPS Technology Company was established to develop products after Stanford
University successfully developed the MIPS prototype. In the
development of operating system, the University of California, Berkeley developed BSD Unix and opened it to the industry for free, while enterprises developed their own
products (such as Apple’s MacOS) based on the prototype.
(2) The development of key technologies requires a closed
loop between academia and industry. The industrial community feeds back the new problems encountered in the

development of technologies to the academia, while the academia may study the underlying principles of the new
problems, develop and verify the prototype, and output it to
the industrial community, thereby forming spiral iterative
optimization. This indicates that the channel between academia and industrial community should not be one-time and
temporary, but be maintained for a long time. Stanford University has maintained the cooperation with MIPS Technology Company for more than 10 years, while the University of
California, Berkeley has maintained the cooperation with the
industrial community for about 20 years by providing free
access to BSD Unix.
(3) Key technologies promote each other and form technological combinations, which often give birth to new key
technologies. For example, very-large-scale integrated circuit
technology gave birth to the RISC technology; operating
system technology induced the emergence of Internet technology; Internet technology and graphics processing technology together breed workstation technology.
Figure 3 shows the development model of 19 key technologies. The most critical step is the transition from stage I
to stage II, namely the establishment of cooperation paths.
The development of these 19 technologies has an obvious
aggregation effect, and their iteration is mostly completed in
Silicon Valley of the United States, which is attributed to the
easier formation of cooperation paths between academia and
industrial community in Silicon Valley. The close cooperation between academia and industrial community has established Silicon Valley’s leading position in the field of
information.

3 Microscopic development model of key
technologies
From the microscopic perspective, the sustainable development of a key technology requires three essential resource
inputs: capital, talents, and demand. The acquisition of these
resources depends on users. Taken together, such dependencies form two cycles: the capital cycle and the demand cycle.
This study summarizes the above relationship as a “capitaldemand” double cycle model (Figure 3).
(1) Capital cycle. In the “capital-demand” double cycle
model, capital is essential for the development of key technologies. The capital is mainly from two sources: ① income
from the industrial market by the selling of products developed based on key technologies; ② financing or venture
capital obtained from the financial market (for enterprises)
and funds from the government and industrial community
(for universities and research institutions).
(2) Demand cycle. The research and development of key
technologies must be guided by precise user demand. Otherwise, the loop of iteration cannot be formed, which ultimately leads to the weakening of competitiveness and the
failure to survive in the market. In general, the demands can
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Figure 3

Development model of key technology: “Capital-demand” double cycle model

be classified into two categories: ① users’ suggestions for
improvement based on their experience; ② new features that
users expect. The demands of category 1 are particularly
important as key technologies are complex and inevitably
have bugs even after extensive testing, so it is important to
optimize the performance and reliability of the technologies
based on user experience. Therefore, usability plays a decisive role in the development of key technologies.
Many enterprises attach great importance to user demands,
especially for start-ups and small businesses. How to find a
stable group of users who are willing to try new products and
provide user experience has become their foundation. However, many universities and research institutions tend to pay
more attention to the acquisition of funds, especially those
from the government, while ignoring the demands of users.
Therefore, for the key technologies developed by universities
and research institutions, whether they are useful should be
regarded as a key indicator for the transition from stage I to
stage II.

4

Case study

The following two positive cases and one negative case are
used to analyze the effectiveness of the “capital-demand”
double cycle model for the development of key technologies.

4.1

EDA software and Synopsis

Dr. Aart de Geus at the Southern Methodist University
founded Synopsys with Bill Krieger, Dave Gregory, and Rick
Rudell, three engineers at the Microelectronics Research
Center of General Electric in 1986. Targeting the key demand
of the integrated circuit design market, Synopsys developed
electronic design automation (EDA) software and thus
opened the market in 1987. This software remains Synopsys’
flagship product up to now. Synopsys went public in 1992
and started the expansion of key technology network through

mergers and acquisitions of small and medium-sized EDA
companies. So far, it has merged and acquired 77 companies.
From the perspective of capital cycle, Synopsys’s early
development mainly relies on product sales. Synopsys now
has a profit margin of 19%, which ensures robust growth.
After the listing in 1992, it further completed a greater capital
cycle, providing backup funds for the further mergers and
acquisitions.
From the perspective of demand cycle, Synopsys’s
first-generation EDA software was groundbreaking in the
market and quickly attracting a following of users. Although
other companies followed suit, they lagged behind Synopsys
in terms of network size.

4.2 MatLab and MathWorks
MatLab was originally a small tool used for teaching by
Professor Clever Moler at the University of New Mexico in
the 1970s. Moler’s team applied two projects from the National Science Foundation (NSF) in 1970 and 1975 to develop two pieces of software: EISPACK and LINPACK. At
the end of the 1970s, to make students better master linear
algebra and numerical analysis and use the software more
easily, Moler wrote MatLab to encapsulate the two software
interfaces. During Moler’s visit to Stanford University in
1980, a student named Jack Little became interested in
MatLab and offered to rewrite it in C and port it to an IBM
PC. In 1984, Clever Moler, Jack Little, and Steve Bangert
founded MathWorks and developed PC-MatLab 1.0 in the
same year. In early 1985, the company sold 10 MatLab rights
to Massachusetts Institute of Technology, realizing its first
revenue of 500 US dollars. Therefrom, the company began to
grow.
From the perspective of capital cycle, MatLab was first
funded by NSF and made the leap from stage I to stage II
through the founding of MathWorks. MathWorks remains
privately held and is not publicly traded. However, the
company has generated revenue since the beginning and
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remains profitable. By 1997, MathWorks had a turnover of 50
million US dollars. In 2019, MathWorks exceeded 1 billion
US dollars in revenue. Overall, MathWorks has been in very
good financial shape since its inception.
From the perspective of demand cycle, MatLab originated
as a teaching tool and was positioned in the field of teaching
and research from the very beginning. The main users of
teaching and research are students. In fact, it is the best application scenario for testing new technologies and tools,
with low cost of trial and error. At the same time, students’
innovation and initiative can help optimize the technologies
and tools. MatLab was finally commercialized, which should
be attributed to Jack Little as a student after having access to
MatLab. Currently, MatLab has a global community composed of more than 500 000 developers, most of whom are
students and researchers who feed demands directly into the
MatLab ecosystem in the form of open source code.

4.3

CF-105 Arrow and Avro

During World War II, Canada decided to develop the most
advanced aircraft in the world. After World War II, at a cost
of about 250 million Canadian dollars (equivalent to 1.58
billion US dollars in 2020), the Canadian company Avro
developed the most advanced interceptor, CF-105 Arrow at a
speed as fast as Mach 2, on October 4, 1957. Although Avro
received initial financial guarantee with the support of the
Canadian government, it could not form a demand cycle
because Canada has no demand for fighter jets or large-scale
market. Therefore, even with the most advanced fighter jet
development technology, Avro cannot be maintained. Finally,
Avro closed down with the loss of 50 000 jobs three years
later. However, the United States became the biggest beneficiary, since most of these highly skilled people went to the
United States to participate in the Apollo Program of National Aeronautics and Space Administration (NASA).

5 Construction of “capital-demand” double
cycle
According to the above analysis, how to construct the
“capital-demand” double cycle is crucial to the development
of key technologies. However, it is often impossible to independently build a “capital-demand” double cycle for research institutions, since it requires the coordination of
multiple stakeholders including enterprises, government, and
investment agencies. The CAS has had accumulated some
experience in building the “capital-demand” double cycle.
For example, the Institute of Computing Technology of CAS
has established some enterprises, such as Lenovo, Sugon,
①
Longson, and Cambricon , while it still has certain gaps
compared with Stanford University and the University of

California, Berkeley in the United States. Therefore, this
paper puts forward three suggestions.

5.1

Exploring new research evaluation system

The research evaluation should encourage researchers to
develop the key technology principles into prototype systems
and to use the prototype systems instead of just publishing
papers. Most of the key technologies come from academia,
and thus the academia should be encouraged to carry out
research to meet national strategic requirements and industrial needs. For the implementation, the Ministry of Science
and Technology and the National Natural Science Foundation
of China should attach importance to the assessment of
software or tools rather than just papers and patents at project
conclusion. Colleges and universities should encourage
teachers to make full use of teaching scenario to test the
research achievements, and value prototype system development and research-education integration in the awarding of
professional titles.
The Defense Advanced Research Projects Agency
(DARPA) of the United States has funded many disruptive
innovation projects. DARPA pays great attention to the development of prototype systems. DARPA’s project director
divides the goal into a series of subtasks that are eventually
integrated into a prototype system. IDEA and POSH in
Electronics Resurgence Initiative (ERI) even require all the
participating organizations to be closed for one week of integration every six months, and determine the subsequent
funding based on the results of the integration. In this respect,
the Strategic Priority Research Projects of CAS have proposed the guiding principle of clear objective, assessable,
useful and influential, which has excellent significance for
reference.

5.2 Exploring new models for the transformation
and application of research achievements
The traditional achievement transformation of key technology follows the “1+1” model. That is, one research team
breaks through key technology, develops prototype system,
and then incubates one enterprise to carry out industrialization, thus forming the “capital-demand” double cycle. The
Institute of Computing Technology of the CAS has incubated
Lenovo, Sugon, Longson, and Cambricon by adopting the
“1+1” model. As the strategic value of open source models
gets more attention, the open source community innovation
consortion, a new model of production-education-research
integration, emerges, which can be called M×N model. Specifically, M research institutions and N enterprises can jointly
conquer a common key technology. The open source model
serves as a catalyst to form cooperation before competition
among enterprises, which helps to establish a “capitaldemand” double cycle. This is an implementation scheme of
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the new whole nation system, which deserves encouragement
and further exploration.
In the past two years, the CAS has actively carried out the
ecological construction for the development of hardware and
software of open source chips, and has accumulated some
experience in establishing innovation consortions through the
open source model. For example, the Institute of Computing
Technology, with the support of the Strategic Priority Research Program of the CAS, developed the open source
high-performance RISC-V processor XiangShan. Currently,
XiangShan has become one of the most popular open source
chips worldwide, and more than 10 domestic enterprises plan
to carry out follow-up product research and development.
XiangShan is expected to become a research and development infrastructure shared by academia and industrial community, and a platform for talents, technology, and capital.
However, there is still plenty of space for reform in the system and mechanism to make use of open source model and
establish a wider “capital-demand” double cycle.
Another key for creating a “capital-demand” double cycle
is being usable. Whether the key technology developed independently can gradually expand the market share is the key
to success or failure. In the context that foreign technologies
have become the mainstream of the market, how to let
downstream enterprises and users adopt the key technology
developed domestically is a tough problem that has not been
solved in China for many years. In the past few years, this
problem has been alleviated to some extent through the development of the information technology application innovation industry, and a few information enterprises focusing
on independent research and development of key technology
have grown rapidly. This model, with the research and development guided by appropriate industrial policies and
driven by the application of key technologies, can also be
promoted in some emerging technology fields whose needs
are not yet mature.

5.3
Strengthening financing support for
enterprises engaged in the research and
development of key technologies
Enterprises that develop key technologies can use many
mergers and acquisitions to achieve expansion, thus forming
technological and market advantages, which, however, needs

a large amount of capital. Cambricon was founded in 2016
and listed on the Science and Technology Innovation Board
in 2020, which is a rare case in China. However, it is common
in Silicon Valley. Several EDA companies, such as Cadence
and Synopsys, went public within five years of their founding, while Amazon went public only three years after its
founding. Initial public offering (IPO) plays a key role in
their development. China has set up the Science and Technology Innovation Board and the Beijing Stock Exchange,
which are good news for enterprises that develop key technologies and help them establish a capital cycle more quickly,
while more supporting policies and more guidance are
needed.
It is suggested to establish the acquisition/merger exit
mechanism for enterprises founded by researchers to prevent
researchers from blindly setting up enterprises and taking
listing as the goal. For example, through the establishment of
a professional acquisition/merger department at the investment agencies under CAS, we can improve the asset evaluation, equity allocation, intellectual property transfer, and
legal affairs in the acquisition/merger process. Efforts can be
made to guide institutes and subordinate enterprises to
demonstrate a few typical cases of acquisition/merger,
thereby providing a variety of exit mechanisms for researchers and investment agencies.

6

Summary

Winning the battle for key technologies requires the concerted efforts of all sectors, in which an important prerequisite is to act in accordance with principles. The development
of key technologies also follows certain principles. This
study illustrates the evolutionary principles of information
technology, and points out that the key lies in the formation of
a constantly expanding technological network. The “capital-demand” double cycle guarantees the continuous iterations and breakthroughs of key technologies.
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